what is known already: Studies in non-human species have shown that sperm morphology (size and shape) is associated with testes productivity and the consistency of sperm manufacture. However, no study to date has investigated whether there are relationships between the size and consistency of human sperm components, and measures of semen characteristics, including sperm numbers and how well they swim. study design, size and duration: A retrospective laboratory study of the semen provided by 103 randomly selected men from a 500-man cohort who enrolled into the study between April and December 2006. participants and setting: Men attending Sheffield Teaching Hospital NHS Foundation Trust for semen analysis as part of investigations for infertility and whose ejaculates were found to contain sperm. main results and the role of chance: The mean flagellum length and the mean total sperm length were positively associated with semen characteristics measured manually, but were not associated with the sperm swimming speed measured by computer-aided sperm analysis. Ejaculates with a lower variation in the length of sperm components contained sperm that were more likely to be motile. The mean sperm length components accounted for up to 9% of the variance in semen characteristics, while the coefficient of variation accounted for up to 21%.
Introduction
The human spermatozoon (sperm) comprises three main components: (i) head, (ii) midpiece and (iii) flagellum. Aberrations in the sperm morphology associated with impaired function (Coetzee et al., 1998) include irregular head shape (Kruger et al., 1986; Marsh et al., 1987; Oehninger et al., 1988) , tail abnormalities (Hall et al., 1995; Lim et al., 1998) and poorly produced midpieces (Sukcharoen et al., 1995) , which contain the mitochondria for electron transfer and ATP production via oxidative phosphorylation (OXPHOS) (Burgess et al., 2003) . Semen analysis typically considers only the dimensions of the sperm head (WHO, 1999) because irregularities in the head morphology have major consequences for male fertility (Barratt et al., 2011) . In spite of the World Health Organization (WHO) recommendations to examine various other components of sperm morphology and not just the head, very little attention has been paid to the dimensions of the midpiece and flagellum (Aziz et al., 1996) , even though they contribute to sperm motility (Burgess et al., 2003 ; but see Hereng et al., 2011) . Indeed, compared with most other mammals, the components of human sperm are highly variable within-and between men and do not conform to discrete categories of size and shape (Katz et al., 1986; Menkveld et al., 2011) .
The phenotype of an ejaculated sperm is primarily the end result of spermiogenesis when the round meiotic spermatid develops into a testicular spermatozoon. In comparison, post-testicular changes to sperm morphology are relatively minor (de Kretser and Kerr 1994; de Kretser et al., 1998) . The continuous variation in sperm morphology may therefore reflect information about overall testicular function and the quality of sperm manufacture (Eliasson 1971) . Surprisingly, no study to date has measured human testis performance by comparative measurement of sperm numbers, motility and sperm length measurements. The aim of the present investigation was therefore to determine the relationships between sperm dimensions (head, midpiece, flagellum, total length and the flagellum:head ratio), their degree of variation within an ejaculate and how they are associated with semen characteristics observed at semen analysis and sperm motility measurements made by computer-assisted sperm analysis (CASA).
Materials and Methods

Sample acquisition
The South Sheffield Research Ethics Committee approved all procedures (study reference 05/Q2305/104) and men were provided with written information about the study, in accordance with the Department of Health guidelines, prior to giving informed consent. One hundred and ten men were retrospectively randomly selected from a cohort of 500 men who had attended for semen analysis as part of fertility investigations with their partner and who were enrolled into a study to investigate, among other factors, maternal DNA genetic effects on sperm motility (Mossman et al., 2012) and sperm morphology. Prior to the current investigation, clinical semen analysis results, collected by experienced andrology staff, and CASA data (see below) were obtained as outlined in Mossman et al. (2012) . In the current study, the randomly selected samples were subject to further investigation with a retrospective manual sperm morphology analysis.
Seven men from the initial randomly selected sample of 110 men were azoospermic (without sperm in their ejaculate) and they were removed from the analysis cohort since no associations between sperm morphology, semen characteristics and CASA could be investigated. Azoospermia was defined only when a complete and systematic search of the resuspended precipitate of a sample centrifuged at 3000 g for 15 min was unable to identify any spermatozoa (WHO, 1999) .This gave a final cohort of 103 men whose semen samples were fixed as semen smears for sperm morphology analysis (see below).
Semen analysis
All samples were collected into a wide-mouthed sterile container (Sarstedt Ltd, Leicester, UK). After 30 min liquefaction at 378C, semen parameters were evaluated according to the WHO (1999) to provide clinical data for the patient. For motility analysis, a minimum of 200 sperm were assessed (where possible) in duplicate and the difference between percentages checked as being acceptable using Fig. 2 .3 of Appendix XXII of WHO (1999) . All motility assessments were made at 378C using a Linkam TH60 heated stage (Linkam Scientific Instruments, Tadworth, UK), with the performance checked daily using a handheld thermocouple. Sperm concentration was assessed in duplicate using an Improved Neubauer w haemocytometer, with volumes of semen being dispensed using a Gilson Microman w M25, M50 or M250 positive displacement pipette (Gilson UK, Luton, UK) as appropriate to the dilution being made. The difference between the duplicate counts was checked against Fig. 2 .6 of Appendix XXII of WHO (1999) . The semen volume was measured using a Volumetric Pipette (Fisher Scientific, Loughborough, UK), which had been previously validated against weighed samples. All clinical semen parameters and CASA data were collected within 1 h of the sample production. The results of the semen analyses are described in Table I and frequency distributions are displayed in Supplementary data, Fig. S3 . Throughout the study the laboratory was enrolled in the Andrology External Quality Assurance Programme of the UK National External Quality Assurance Schemes (St. Mary's Hospital, Manchester, UK) and was within the target range throughout the study for all samples received.
Sperm motility assessment (CASA)
In addition to the manually determined WHO (1999) grading of sperm motility, in which the proportion of the ejaculate that swims ≥5 mm/s is estimated (WHO 'A + B' grades), the mean speed of motile sperm in each ejaculate was also measured using CASA. After 30 min liquefaction, and within 60 min of sample production, an aliquot of semen was video recorded for later analysis by CASA following the protocol of Cherry et al. (2008) . Briefly, 10 ml of semen was loaded into one side of a 20 mm Microcell TM slide (Conception Technologies, San Diego, CA, USA). The image analysis settings of the CASA system (Hobson Sperm Tracker, Hobson Vision, Sheffield, UK) were as follows: frame rate: 50 Hz; minimum track time: 0.8 s (40 frames); maximum track time: 8 s (400 frames); search radius: 6 mm; aspect ratio: 1.49; predict: OFF; pause window: 0.8 s; chamber depth: 20 mm: analysis duration: 160 s. The output file for each sample was filtered for static and refractile debris following the methods previously outlined (Mossman et al., 2009) , prior to statistical analysis (see Supplementary data, Fig. S1 ). Curvilinear velocity (VCL), average path velocity (VAP) and straight line velocity (VSL) were determined as measures of progressive sperm motility. To reduce the complexity of these co-linear motility measures, we conducted a principal component analysis (PCA). The principal axis method was used to extract the components of the PCA, and this was followed by a varimax (orthogonal) rotation. The first principal component (PC1) was used as the index of sperm motility (Mossman et al., 2009 (Mossman et al., , 2012 .
Sperm length measurements
Semen smears were prepared following the methods outlined in the WHO (1999). Briefly, a 10 ml aliquot of semen was smeared between two microscope slides and allowed to air dry. Following drying, these were fixed with ether:ethanol (1:1) and stained using the Papanicolaou stain (WHO, 1999) . Images of stained sperm were captured and digitized using Olympus w Cell A Imaging Software (Olympus, Münster, Germany) running on a Dell Computer under the Windows XP Professional (Microsoft w , Seattle, USA) operating system. This was connected to a ColorView (Olympus) 5 MegaPixel digital camera attached to an Olympus w BX41 microscope using a ×100 Plan N objective. Images were analysed using a Leica w IM50 Image Manager (Leica Microsystems, Milton Keynes, UK) at ×400 magnification and at a resolution of 13.6 pixels/mm (each pixel Human sperm length and semen characteristics at ×400 magnification represented 0.073 mm). The lengths of four sperm components were measured: (i) head length; (ii) midpiece length; (iii) flagellum length (midpiece + tail) and (iv) total sperm length (flagellum + head) (Fig. 1) . In addition, (v) the ratio between flagellum and head lengths (flagellum:head) was calculated. The ratio between the flagellum length and head length was calculated as the forces of propulsion produced by the flagellum and drag generated by the head may be inversely correlated (Humphries et al., 2008; Gillies et al., 2009) .
From the digitized images, the lengths of the various sperm components were measured in a similar manner to that performed in other taxa (Calhim et al., 2007 Lüpold et al., 2009) and using the same image analysis set-up. All sperm components were manually identified and manually measured using the Leica IM50 software. Briefly, for the head length, the tip of the acrosome at its central position was identified and the linear length between the tip of the acrosome and the point at which the head abutted the midpiece at its central position (H-M boundary) was measured (Fig. 1A) . For the midpiece length, a linear measure between the point at the H-M boundary and where the midpiece extended to the tail (M-T boundary) was measured (Fig. 1A) . For the tail measurement, the length between the M-T boundary point and the tip of the terminal piece of the tail was measured (Fig. 1B) . The flagellum length was the sum of the midpiece section + tail section. The computer software allowed waypoints to be mapped onto the sperm image to allow the accurate measurement of distances in a non-straight line for the tail section (see Fig. 1B ). The lengths of the head and midpiece sections were considered linear with no non-linear components (which, in contrast, were always evident in the tail section).
There were no selection criteria for cells with or without abnormalities and all cells were considered equal and representative of the ejaculate. The same researcher (J.T.P.) conducted all length measurements to eliminate the between-researcher variability and this was done blind to the results of the semen analysis and the CASA analysis.
Progressive mean analysis of length measurements
Prior to the main study, we determined the number of sperm that needed to be measured to give representative estimates of each sperm length component per ejaculate. It was not possible to obtain multiple ejaculates from the same male to determine within-individual, between-ejaculate repeatability estimates. However, we determined that the samples were distinguishable from each other based on a single ejaculation and that the measurement protocol provided repeatable measurements of each sperm component (see below). Since the consistency of sperm lengths differed between individuals and could introduce a systematic bias into estimates of the length measurements made, we conducted progressive (harmonic) mean analyses (Petrie and Watson, 1999) on each length measurement of the sperm from the ejaculates of five men selected at random. For each ejaculate, every sperm component was measured for 60 different cells and the eventual means were based on this number. This analysis allowed visual inspection of the harmonic mean as additional data were added to the analysis and when additional measurements were consistently within 1 standard error (SE) of the eventual mean, a representative value was achieved (Petrie and Watson, 1999) .
Repeated measures: sperm length components
Repeated-measure (one-way) ANOVAs were conducted on the mean lengths of each sperm component in a randomly chosen subsample of eight men to check that individuals were distinguishable from each other based on a single measure of the sperm component length, and that sperm components were repeatably measured within a sample (see Supplementary data for details and results: Table SI and Fig. S2 ). The repeatability statistic, R, was calculated sensu (Lessells and Boag, 1987 ) using the equations therein.
Semen characteristics
We considered five semen characteristics including the following: (i) sperm concentration (number of sperm/ml); (ii) the motile concentration [(WHO 'A + B'/100) × sperm concentration] which considers both the concentration and motility of the sperm and which we took as an index of testes performance since motile sperm concentration is highly correlated with pregnancy outcome in humans (Hargreave and Elton, 1983; Larsen et al., 2000) and (iii) TSperm (the total number of sperm in the ejaculate: ejaculate concentration × volume) as described by Amann (2009) . To investigate the relationships between sperm length measurements and sperm motility we used two indices: (iv) the proportion of the ejaculate that swam at ≥ 5mm/s (WHO motility grades 'A + B', WHO, 1999) and (v) an index of motility as a continuous variable [the PC1 of three CASA variables (PC1)].
Statistics
Means and standard deviations were calculated for each of the four sperm length measurements. Standard deviations were used to calculate the coefficient of variation (CV) of each mean length using the formula CV ¼ (SD/mean) ×100. CVs are therefore estimates of the degree of variation for a given sperm length estimate and reflect the consistency of sperm component lengths in an ejaculate. We also calculated the mean, standard deviation and CV for the flagellum:head length ratios. Further, we investigated whether mean measures and CVs of the different length measurements were correlated isometrically: we asked whether sperm with longer and/or more variable head lengths also have longer and/or more variable midpieces and flagella, etc. Linear models were used to test the associations between variation in sperm length measurements and semen characteristics. Whilst the use of the linear models in this way suggests a priori causality of one variable on the other, only one fixed effect was included in each linear model and we do not suggest causality in the interpretation; only association. However, using linear models allowed estimates of effect sizes to be calculated (R 2 ) along with intercepts to provide results compatible with existing studies, and for future meta-analysis studies of sperm length measurements and testes function measures. All analyses and graphics were performed in R (version 2.10.1) (R Development Core Team, 2009).
Results
Progressive mean analysis
Progressive (harmonic) mean analyses revealed that at least 25 cells needed to be measured before stable means, within 1 SE of the eventual mean, were observed for head, midpiece, flagellum and flagellum:-head ratio measures ( Fig. 2 ; flagellum and total length harmonic means were qualitatively identical and only flagellum length means are shown). Therefore, as a conservative approach, 30 sperm per ejaculate were measured.
Repeated measures ANOVA
Using the sperm length measurements from a subset of eight individuals, we found the between-individual variance was greater than within-individual variance for each length measurement made. This demonstrates that measuring 30 cells was sufficient to discriminate between individuals (Supplementary data, Table SI ) and all measures of sperm component lengths were repeatably measured. In other words, our measurement protocol allows for accurate (and repeatable) measurements of all sperm components, regardless of their magnitude, which was expected to vary across individuals. A description of the mean length values, standard deviations and ranges of each sperm component, along with the measures of semen characteristics from all 103 individuals are shown (Table I) . A description of the sperm length measurements of the eight man repeated measures analysis is shown in the Supplementary data (Table SII and Relationship between head length and head morphology obtained at semen analysis
There was a significant negative correlation between mean head length and the proportion of sperm with 'normal' morphology (WHO, 1999) measured at semen analysis (r ¼ 20.44, df ¼ 101, t ¼ 24.9, P , 0.0001). The correlation between the CV of head length and the value for 'normal' morphology was also significant and negative (r ¼ 20.22, df ¼ 101, t ¼ 22.3, P ¼ 0.02). Therefore, sperm heads that were longer and more variable in length were associated with lower values for 'normal' sperm morphology (WHO, 1999) within the same ejaculate.
Associations between mean length measurements with each other and corresponding CVs with each other
To test whether different sperm components were consistently manufactured to scale (isometrically), we assessed whether the mean length of each sperm component, and its respective CV, were correlated with other length measurements (i.e. did mean values correlate with each other and did CVs correlate with each other). Table II shows that the mean lengths of several of the sperm components were significantly correlated. Only the midpiece length was not correlated with any other length measurement. Similarly, although the CVs of many length measurements were correlated, the variation in the midpiece length was not correlated with any other CV.
Sperm motility index (PC1)
We used principal component analyses to define an index of motility for each ejaculate obtained from the CASA data. The results of the PCA revealed that the PC1 was more highly correlated with VAP (r ¼ 0. Associations between semen characteristics and mean sperm length measurements
Sperm concentration was positively associated with the mean flagellum length, mean total length and mean flagellum:head ratio (Table III) . The motile sperm concentration was positively associated with the mean flagellum length, mean total length and mean flagellum:-head ratio (Table III ; Fig. 3C and D) . The mean midpiece length was negatively associated with the motile sperm concentration (Table III) suggesting that ejaculates of a lower motile concentration contains sperm with longer midpieces (Fig. 3B) . Only the mean flagellum and total lengths were positively associated with the TSperm (Table III) . All other mean sperm length components were not associated with sperm concentration, motile concentration or TSperm. For the proportion of the ejaculate that swam ≥5 mm/s (WHO A + B), there was a positive association with the flagellum length and the total sperm length only. There were no significant associations between the mean sperm length measurements and the index of sperm motility (PC1) (P . 0.05 in all cases) [ Table III ].
Associations between semen characteristics and CV of sperm length measurements
Degrees of variation in the flagellum length, total sperm length and the flagellum:head length ratios were all negatively associated with sperm concentration (Table III) ; in other words, testes that produced ejaculates with greater sperm concentrations also produced sperm with relatively less variable component lengths. Since the flagellum length comprises 90% of the total sperm length and both measures are strongly correlated, it is unsurprising that the variation in both measures is associated with sperm concentration. Neither the variation in the head length nor the midpiece length was associated with sperm concentration [Table III ]. Apart from the length of the midpiece, variation in all other sperm components was negatively associated with motile sperm concentration [Table III; Fig. 3E -H]. Only variation in the head length was not associated with TSperm. All other components showed negative relationships between the degree of variation in their lengths and TSperm; larger ejaculates were associated with less variation in the length of sperm components [ Table III ]. For all sperm length components, there were significant negative associations between the degree of variation (CVs) and the proportion of the ejaculate that swam ≥5 mm/s (WHO 'A + B') [ Table III ]. In other words, more variable length components were found in ejaculates where fewer sperm swam. We found no association between CVs of any sperm length measurement and the index of sperm motility (PC1) [ Table III ].
Discussion
These results show that the overall lengths of sperm components, and their degree of variability within an ejaculate, correlate with semen characteristics obtained at semen analysis. Briefly, the ejaculates of a higher sperm concentration, motile sperm concentration, total sperm number and the proportion of sperm swimming at ≥5 mm/s (WHO grades 'A + B') are more likely to contain sperm with a longer flagellum and a greater total length than ejaculates with lower values of semen characteristics by these measures. Similarly, ejaculates with more uniform sperm length measurements (i.e. lower CV) were more likely to be motile. CASA data, as judged by PC1, was unrelated to total length measurements or to the variation of any sperm length components. Information on human sperm dimensions is sparse and we are aware of no previous study that has compared them (and their variation) to semen characteristics. To conduct this study, we first determined using progressive mean analyses (Petrie and Watson, 1999 ) the number of measurements that was needed to be made before repeatable estimates of the lengths of sperm components were achieved. Our analyses showed that 25 cells were sufficient, and therefore we took a conservative approach and measured 30 sperm per sample. Maree et al. (2010) investigated head dimensions and acrosomal coverage and determined that the number of sperm measurements required for accurate estimates of sperm head morphology was 50, although they suggested 100 cells for studies investigating acrosomal coverage. Comparisons between lower numbers of sperm per sample were not considered by Maree et al. (2010) , but our study shows that with measurements from 30 cells, individuals could be discriminated and that all sperm component measures were repeatable (i.e. the within-individual variance was lower than the between-individual variance) revealed by repeated measures ANOVA (Supplementary data, Table SI). Hence, there was sufficient power to discriminate individuals based on measurements from 30 cells per ejaculate, and the degree of variation would not significantly affect mean values when comparing high and low variation ejaculates.
It has been shown that the staining method has an effect on quantitative estimates of sperm morphology (bovine sperm: Harasymowycz et al., 1976; human sperm heads: Maree et al., 2010) , especially when comparing 'wet' mounts with PAP-stained slides (Katz et al., 1986) . We used the same PAP method throughout and therefore all between-individual sperm measures were comparable. PAP-staining may affect the dimensions of the head, probably due to the osmolality of the fixatives used and the effect of xylene dehydration (WHO, 1999) , essentially shrinking the sperm heads (Maree et al., 2010) . Thus, the measured values of head and midpiece lengths may be an underestimate of their true value. Furthermore, the quantitative effects of staining technique on tail dimensions are not known and so comparisons between the length measurements made here and those of other studies should consider this possible variation. For example, our measures of overall sperm tail length are slightly shorter than those reported elsewhere in the literature [e.g. 50 -60 mm: Mortimer, 1985 Mortimer, , 1994 Mortimer, 1985; 7-8 mm: Mortimer, 1994 ; our study: 2.04 + 0.19 (range 1.62-2.63)]. The low pixel contrast at the distal end of the midpiece may have contributed to lower values of this sperm component, compared with other studies. The midpiece and all other sperm components were repeatably measured and are normally distributed traits. Moreover, the flagellum (including midpiece) was shorter than other reported values, and the flagellum could be unambiguously measured, further suggesting that dehydration during morphology slide fixation is a probably source of this observed variation. The mean head length in our population was 4.31 mm ( In all models n ¼ 103 individuals. Sperm concentration, motile concentration and TSperm were square-root transformed to confirm to normal distributions (see Supplementary data. Fig. S3 ). Coefficients, R 2 values, F-and t-test statistics and P-values are shown. Values in bold are significant at a ¼ 0.05. Figure 3 Relationships between mean length measurements and their CV, and the sqrt-motile sperm concentration in ejaculates from 103 men. Mean length measures of (A) head, (B) midpiece, (C) flagellum and (D) flagellum:head ratio and the sqrt-motile sperm concentration are shown. The CV for the same measurements: (E) head, (F) midpiece, (G) flagellum and (H) flagellum:head ratio are also shown. The relationships are described in detail in Table III. Human sperm length and semen characteristics (fertile group) and 4.41 mm (95% CI: 4.23 -4.58) (infertile group) of Katz et al. (1986) , who also used the same staining technique, albeit with different image analysis methods.
Only one ejaculate was examined per man and therefore the repeatability of human sperm length measurements between ejaculates was not determined. A previous study on sperm head size and shape revealed there was small within-and among-male variability for mean head dimensions when multiple ejaculates were assessed from the same individual (Katz et al., 1986) . Within-male between-ejaculate standard deviations of head dimensions, however, were more variable, suggesting the mean size is consistent over time, but that that variation in morphology may be less repeatable.
One of the main aims of this study was to determine if different sperm components were 'manufactured' isometrically or allometrically in the testes. In other words, are different sperm components manufactured to scale? For mean sperm component lengths, we found that the head length was not associated with any other mean sperm length measure (sperm components were allometrically manufactured). This is probably due to spermiogenesis being a stratified process, with different components of the sperm being produced at different stages. For example, polarization and elongation of the sperm head are initiated before the process of flagellum elongation. Interestingly, the mean midpiece length was not correlated with any other length measure suggesting an allometry between midpiece formation and the synthesis of all other components. As predicted, flagellum and total lengths were highly correlated and the flagellum formed 90% of the total sperm length, consistent with previous studies across mammals (85-90%: Cummins and Woodall, 1985) . For each comparison between head, flagellum, total length and flagellum:head ratio, there were positive correlations with CV estimates. Ejaculates with sperm with more variable heads also had more variable flagella and total lengths. These results can be explained if the germinal epithelium is producing sperm at a consistent rate, which may also equate with optimal function.
For all semen characteristics excluding the WHO (1999) and PC1 motility variables-sperm concentration, motile sperm concentration and TSperm-there were positive associations with the mean lengths of the flagellum and total sperm length. Given that both flagellum and total length are highly correlated (R ¼ 0.99, P , 0.001: Table II) , it is not surprising that both measures were associated. However, a more interesting question is why is there an association between these mean sperm lengths and semen characteristics? Spermatogenesis, and more specifically tail elongation during spermiogenesis, occurs in the germinal epithelium of seminiferous tubules composed of Sertoli cells and germ cells. A greater number of Sertoli cells are associated with increased sperm output from the testes (Cooke et al., 1994; Simorangkir et al., 1995) , and larger testes produce more sperm (Amann, 1970) . However, Sertoli cell function, and not just Sertoli cell number, determines successful sperm development and completion of spermatogenesis (de Kretser et al., 1998) . In this study there was considerable variation in the testicular output (sperm concentration and TSperm) between men, and large variation in size and consistency of their sperm length measurements. Moreover, these measures were statistically correlated. Therefore, these sperm parameters may provide an indirect indication of Sertoli cell function which hitherto has been difficult to assess without more invasive procedures. It was not possible to obtain testes biopsies from men who provided ejaculates for this investigation, but this possibility warrants further investigation in a study that considers the continuous variation of the various sperm components.
Two of our chosen semen characteristics (sperm concentration and motile concentration) were not strictly independent, since the latter is a composite of sperm concentration and the percentage of motile sperm. Both measures do not consider ejaculate volume, which is sensitive to abstinence period (MacLeod and Gold, 1956) , and which is itself sensitive to fallacious reporting of abstinence interval (Amann, 2009) . We proposed to use the spermatogenesis rate function TSperm/h (the total number of sperm produced in an ejaculate divided by the number of abstinent hours), since this index incorporates abstinence period and is arguably the most informative about testes function/efficiency in the absence of accompanying testes biopsies (Amann, 2009) . However, the accuracy of the TSperm/h measure is highly dependent on the number of samples evaluated per man and is only representative when three or more independent ejaculates per man are assessed (Amann and Chapman, 2009 ), which was not possible in the present study. We therefore used sperm concentration and motile concentration as indices of testicular output. However, we also included TSperm as a factor since this also incorporated the volume of the ejaculate. When TSperm was used as a semen characteristic index, there were positive associations between the mean flagellum (and therefore total sperm) length, and negative associations between the degree of variation in midpiece, flagellum, total length, and flagellum:head ratios. Taken together, the mean sperm flagellum and mean total lengths were positively associated with testicular output, regardless of the semen characteristics used (excluding PC1). Likewise, the degrees of variation in the flagellum length, total length and the flagellum:head ratio were all significantly negatively associated with all semen characteristics (excluding PC1). These results suggest that spermatozoa with longer flagella (and therefore total lengths) have less size variation and may have better motility. This suggests a link between sperm production with complete flagellum elongation and sperm swimming ability.
There are strong correlations between the concentration of motile sperm in a man's ejaculate and his fertility (Hargreave and Elton, 1983; Larsen et al., 2000) . In this study, we show that the mean length of the flagellum (and therefore total sperm length) is associated with the proportion of sperm swimming ≥5 mm/s (WHO 'A' + 'B') observed at semen analysis. Neither the absolute values of the sperm length, nor the degree of variation in them, were associated with the continuous values of motility (PC1). This suggests that in humans, selection has probably acted on the ability of sperm to be motile rather than the absolute velocity attained. In other words, it may not matter how fast sperm swim; what matters is that they swim. In addition, these results suggest that the flagellum length (and therefore the total sperm length) would be informative markers of semen characteristics, given the positive association between motile sperm concentration and fertility outcomes in humans (Hargreave and Elton, 1983; Larsen et al., 2000) .
A parsimonious explanation of these results is that 'good testes function' operates simultaneously on both sperm form and function. For example, larger testes, with possibly larger Sertoli cells and/or seminiferous tubule lumens may produce longer sperm with less variation because there is less constraint on the size that the sperm can achieve. Longer sperm positively correlated with sperm motility (Table III) , which is associated with their fertility potential (Larsen et al., 2000) . Importantly though, other studies have found that sperm with abnormal flagella are present in appreciable numbers (12.5 + 5.5%) even in fertile men (Eddy and O'Brien 1994 ) and this figure is higher in infertile men (18 -30+%: Pelfrey et al., 1982; Escalier and Serres, 1985) . A degree of inconsistency in flagellum formation is therefore not indicative of infertility, partly because there is no exclusive definition of a 'normal' sperm (Amann, 2010) , and abnormal sperm are present in ejaculates from fertile men. Across mammals, there is good evidence that sperm with longer tails and flagella are more competent when analysed by functional swim-up tests. Results from brown hares Lepus europaeus, boars Sus scrofa and bulls Bos taurus demonstrated that the sperm with longer flagella are enriched in swim-up preparations, compared with the unselected ejaculate sperm population (Holt et al., 2010) . Consistent with humans, relatively shorter sperm remained in the selected (post-swim-up) populations (Holt et al., 2010) , suggesting flagellum length is not a sole indicator of swimming competence.
In mammals, the role of mitochondria in the midpiece on sperm function has recently received much attention (Anderson and Dixson, 2002; Anderson et al., 2005; Ford, 2006; Hereng et al., 2011) . In non-human primates, the volume of the midpiece is positively associated with the degree of promiscuity of a species; when sperm competitive ability is important for paternity outcome in multiple-male breeding systems (Anderson and Dixson, 2002) . In the present study, there were no relationships between the midpiece length and sperm motility or speed. However, there was a significant negative relationship between the degree of variation in the midpiece length and the likelihood of sperm motility: a lower variation in the midpiece length was associated with a higher likelihood of motility ≥5 mm/s. If the rate of spermatogenesis is not constant between males and the spermiation rate is also variable, the consistency of the midpiece length may also vary under different (within-testis, between-individual) environmental conditions. Although TSperm/h (Amann, 2009) was not included in the main analyses, a correlation between the TSperm/h and sperm motility (WHO 'A + B') revealed that a higher sperm production rate was positively associated with the proportion of the ejaculate that swam ≥5 mm/s (r ¼ 0.25, df ¼ 100, t ¼ 2.63, P , 0.01). Moreover, degrees of variation in midpiece, flagellum, total length and flagellum:-head ratio were negatively associated with TSperm/h (P , 0.05 in all cases). These results suggest that an optimal (high) sperm production rate is associated with more optimal sperm morphology, since reduced variation in these components of morphology confer a greater chance of sperm motility ≥5 mm/s.
In conclusion, the mean flagellum and total sperm lengths were significantly positively associated with all semen characteristics: sperm concentration, the motile concentration and the absolute number of sperm ejaculated, along with the likelihood of those sperm to swim ≥5 mm/s. However, the variation in the lengths of sperm components were correlated with the proportion of motile sperm, but showed no association with speed (PC1). From the presented data, we propose that Sertoli cell function may simultaneously act on sperm form, number and their swimming competence in a way that is yet to be described. Teasing apart the genetic from environmental effects on sperm manufacture is a major goal for andrology and epidemiology studies of spermatogenesis and this study highlights that future work should focus on the physiology of the Sertoli cell and seminiferous tubule, and the size of sperm and consistency of sperm manufacture.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals. org/.
